Abstract: Myofiber characteristics, R values, and eating quality were studied in Longissimus thoracis (LT), Psoas major (PM), and Semitendinosus (ST) muscles that had been excised from 10 Chinese Simmental bulls. The diameters of type I, IIA, and IIB fibers in PM are the smallest, and the percentage of type I, IIA, and IIB fibers is highest in PM, LT, and ST, respectively. R 248 and R 250 values are higher in PM than in LT and ST. R 248 and R 258 are negatively correlated to the proportion of type IIA fibers and positively correlated to the area percentage of type I fibers. PM has a lower Warner-Bratzler shear force (WBSF) and hardness values compared with LT and ST. Semitendinosus has a higher L* value than PM. WBSF, hardness, and h values are positively correlated with the diameter of all three fiber types. Warner-Bratzler shear force has a negative relationship with the percentage of type I fibers, while WBSF and hardness are positively correlated with the area percentage of type IIB fibers. The results demonstrate that the muscle fiber type influences postmortem metabolic rate and meat quality of Chinese Simmental cattle. An increase in the percentage of type I fibers and a decrease in the percentage of type IIB fibers correspond to an improvement in meat quality. Mots-clés : type de fibre musculaire, valeurs R, qualité gustative, force de cisaillement Warner-Bratzler, analyse de profil de texture.
Introduction
Marking individual muscles has become popular in the beef industry (Hwang et al. 2010; Almli et al. 2013 ). Beef quality of individual muscles is highly variable (Chriki et al. 2013) and is influenced by a range of factors, including pre-and peri-slaughter and postmortem effects (Lee et al. 2010; Joo et al. 2013) . Myofiber characteristics directly influence the eating quality of meat, as they are the basic components of skeletal muscles (Hwang et al. 2010) . Therefore, information regarding myofiber characteristics of individual muscles and their influence on meat quality is very useful in the beef industry.
Several studies on myofiber characteristics and eating quality of individual muscles have been reported (Torrescano et al. 2003; Rhee et al. 2004; Gruber et al. 2006) , but the magnitude of their influences on beef quality is still under debate (Hwang et al. 2010; Zhang et al. 2014) . Some studies have shown that muscle fiber types can influence meat quality through postmortem metabolism in pork (Chang et al. 2003; Ryu et al. 2008; Kim et al. 2009 ), and muscle fiber types have a close relationship with metabolic enzymes in beef (Oury et al. 2010; Chriki et al. 2012a Chriki et al. , 2012b Chriki et al. , 2013 Hocquette et al. 2012 ), but it is unknown if the same effect is true for beef quality of Chinese Simmental cattle. Therefore, the aim of this study was to investigate the effect of myofiber characteristics on postmortem metabolic rate and eating quality of Longissimus thoracis (LT), Psoas major (PM), and Semitendinosus (ST) muscles of Chinese Simmental cattle and to provide knowledge to control eating quality of beef through manipulation of myofiber characteristics.
Materials and Methods

Materials
Longissimus thoracis (LT), Psoas major (PM), and Semitendinosus (ST) muscles from 10 Chinese Simmental cattle (26-mo-old, bulls) were obtained from a commercial beef processing plant (Beijing Yuxianyuan Co., China). Within 1 h after slaughter, a 10 g sample was frozen with liquid nitrogen and used for histochemical and R-value analyses. Samples (6 cm thick) of the three muscles were deboned and placed at 4°C for 24 h (Lang et al. 2016) . At 24 h after slaughter, meat quality traits such as pH, Warner-Bratzler shear force (WBSF), texture profile analysis (TPA), pressing loss, cooking loss, and beef color (L*, a*, b*, C, and h) of each muscle were analyzed.
Histochemical analysis
Histochemical analysis was carried out using modified procedures from Brooke and Kaiser (1970) and Hwang et al. (2010) . Cross sections (8 μm) were cut using a Leica CM1950 clinical cryostat (CM1950, Leica, Germany) and stained for actomyosin Ca 2+ adenosine triphosphatase after alkaline preincubation (pH 9.45) and acid preincubation (pH 4.63). The stained sections were captured using a Cellsense Image analysis system (Cellsense, CellSense™ Kennecott Utah Copper Corporation, England). Approximately 300 fibers of each sample were counted to analyze the size and distribution of fibers of types I, IIA, and IIB according to the method of Brooke and Kaiser (1970) .
R values
R values (R 248 , R 250 , and R 258 ) were measured according to the method of Ryu and Kim (2006) . About 1 g of sample was placed in 0.85 M perchloric acid (12.5 mL) and homogenized (DJ-II, Changsha Henghe Instrument Co., China) at 3000g for 90 s and then centrifuged using a high-speed refrigerated centrifuge (TGL16MB, Changsha Xiangzhi Centrifuge Instrument Co., China) at 3000g for 10 min at 2°C. Absorbances were analyzed using an ultraviolet-visible spectrophotometer (UV-6100, Shanghai Yuanxi Instrument Co., Shanghai, China). The ratios of A 248 /A 260 , A 250 /A 260 , and A 258 /A 250 were defined as R 248 , R 250 , and R 258 , respectively.
Meat quality traits
The pH was measured at 24 h after slaughter using a calibrated IQ pH meter (standard buffers of pH 4.0 and pH 7.0) equipped with a combination electrode (IQ Scientific Instruments, Inc., San Diego, CA, USA).
WBSF was measured at 24 h after slaughter following the procedure of Li et al. (2006) using a TA.XT Plus texture analyzer (TA.XT Plus Stable Micro System, Stable Micro System, Ltd., UK) equipped with an HDP/BSW blade. Samples (1 cm × 1 cm × 3 cm cubes) were obtained from beef that had been cooked at 80°C in a water bath to an internal temperature of 70°C. During cooking, the core temperature was measured using an Oakton temp-300 digital thermometer (Cole-Parmer Instrument Company, IL, USA).
Texture profile analysis was determined at 24 h after slaughter using procedures similar to those described by Leick et al. (2012) . The sample was placed inside a polyethylene bag and cooked at 80°C in a water bath until the core temperature was 70°C. The core temperature was measured using an Oakton temp-300 digital thermometer as above. The cooked samples were allowed to cool at 4°C for 16 h (overnight) and then were blotted dry with filter paper. The samples (1 cm × 1 cm × 1 cm cubes) underwent two cycles of 75% compression using a P/75 probe fitted to a texture analyzer (TA.XT Plus Stable Micro System, Stable Micro System, Ltd., UK). Values for hardness, springiness, cohesiveness, and chewiness were determined as described by Leick et al. (2012) and Caine et al. (2003) .
Pressing loss was determined at 24 h after slaughter according to Prieto et al. (2008) . Cooking loss was expressed as percent weight loss before and after cooking, using the same sample that was used for WBSF analysis.
The meat color was measured at 24 h after slaughter. Color parameters were measured after blooming a freshly cut surface at 4°C for 30 min using a CR-400 Chroma Meter (Minolta Co., Osaka, Japan), using CIE standards for lightness (L*), redness (a*), and yellowness (b*). The following settings were used: illuminate D65, 2°observer, and 8 mm port diameter. Before detection, the instrument was calibrated with a white tile as specified by the manufacturer (Zhang et al. 2015) .
Statistical analysis
Data were analyzed by one-way analysis of variance (Proc ANOVA) and Pearson's correlation (Proc Corr) using SAS, version 9.1 (SAS Institute Inc., Cary, NC, USA).
Results and Discussion
Myofiber characteristics
The myofibers (types I, IIA, and IIB) in LT, PM, and ST muscles of Chinese Simmental cattle are shown in Fig. 1 . The diameter of these muscle fibers decreased in the rank order type IIB > IIA > I in all three muscles (Fig. 2a ). These differences may be attributed to the different growth rates of the muscle fibers and variable requirements for oxygen diffusion within their cells (Oksbjerg et al. 1994; Maltin et al. 2003 ). Significant differences in the diameter of types I, IIA, and IIB among LT, PM, and ST muscles (P < 0.001) were also observed. The diameters of types I, IIA, and IIB in PM were smaller than those in LT and ST (P < 0.05). This is consistent with studies by Kirchofer et al. (2002) and Hwang et al. (2010) , and the variations in fiber sizes may be correlated with exercise and muscle type. Fiber type composition among LT, PM, and ST muscles was also significantly different. Psoas major had the highest number % and area % of type I fibers, and ST had the lowest (P < 0.05; Fig. 2b) . Longissimus thoracis had a higher number % and area % of type IIA fibers than PM (P < 0.05). Semitendinosus had the highest number % and area % of type IIB fibers, and PM had the lowest (P < 0.05). This was consistent with research by Ozawa et al. (2000) and Kirchofer et al. (2002) that found that Longissimus and Semimembranosus muscles have a high proportion of type IIB fibers, whereas PM, biceps brachii, and brachialis have a high proportion of type I fibers.
Postmortem metabolic rate (R values)
R values (the ratio of inosine to adenosine nucleotides) are correlated to postmortem energy metabolism (Ryu and Kim 2005) . R 248 , R 250 , and R 258 values for LT, PM, and ST muscles in Chinese Simmental cattle are shown in Table 1 . Significant differences were observed among the three muscles (P < 0.01). R 248 was higher in PM than in LT and ST (P < 0.05). Psoas major had the highest R 250 and the lowest R 258 , while LT had the highest R 258 and the lowest R 250 (P < 0.05). Consistent with our study, Lefaucheur (2010) reported that the rate of postmortem pH decline was faster in PM than in Semispinalis and Longissimus in pork. Contrary to this, Choe et al. (2008) and Choi et al. (2007) reported that the high rate and extent of prerigor pH decline is due to the high proportion of type IIB fibers in pork Longissimus muscle.
Relationship between myofiber characteristics and R values
The relationship between myofiber characteristics and R values is shown in Table 2 . R 248 and R 250 are negatively correlated with the diameter of all three fiber types (P < 0.05), and R 258 exhibits a positive correlation (P < 0.05). R 248 and R 250 are negatively correlated with the number % of type IIA fibers, and R 258 shows a positive correlation. R 248 and R 250 are positively correlated with the area % of type I fibers, and R 258 is negatively correlated. This suggests that an increased percentage of type IIA fibers corresponds to decreased rates of postmortem metabolism, and a higher percentage of type I fibers corresponds to increased rates of postmortem metabolism. This is consistent with the study of Lefaucheur (2010) but is contrary to the study of Ryu and Kim (2005) . The differences may be due to species variation (cow vs. pig), the muscle types, and muscle buffering capacity. Some studies show that type I fibers have a less developed sarcoplasmic reticulum and less ability to take up Ca 2+ from the sarcoplasm at low temperatures (Cassens and Newbold 1967) . This might lead to greater 0.85 ± 0.01c 1.28 ± 0.03a 1.02 ± 0.07b *** R 258
1.18 ± 0.01a 0.81 ± 0.03c 1.02 ± 0.07b ** Note: SEM, standard error of the fiber type traits by muscle. Different lowercased letters represent significant differences within the same row (P < 0.05); **, P < 0.01; ***, P < 0.001.
Ca
2+ concentrations in the sarcoplasm in the muscle fibers of the PM, which could stimulate metabolism and a more rapid pH decline (Melody et al. 2004 ).
Eating quality traits
The differences in eating quality traits among LT, PM, and ST muscles are shown in Table 3 . Results show that the muscle type has a significant influence on pH, WBSF, hardness, springiness, cohesiveness, pressing loss, L*, b*, and h values (P < 0.05). However, there were no significant differences in chewiness, cooking loss, a*, and C values (P > 0.05). WBSF and hardness were significantly higher in LT and ST muscles compared with PM (P < 0.01). PM had a higher springiness value, and ST had a lower cohesiveness value (P < 0.05). The pressing loss value was lower in LT and ST muscles compared with PM (P < 0.05). ST had significantly higher L* and h values compared with LT and PM (P < 0.05), and ST had a higher b* value than in LT (P < 0.05).
Several studies have compared meat quality among different muscles and are consistent with our study (Rhee et al. 2004; Gruber et al. 2006) . In this paper, LT and ST had a higher WBSF and hardness than PM, which may be related to the diameter and composition of muscle fiber types. Consistent with our study, Hwang et al. (2010) found that muscle with a high percentage of type I fibers and a low percentage of type IIB fibers was more tender. In contrast, some studies report that muscle with the same characteristics has a high WBSF (Ozawa et al. 2000; Ryu and Kim 2005) . The smaller muscle fiber size of PM and larger muscle fiber size of LT and ST may contribute to the high tenderness of PM compared with LT and ST (Jurie et al. 2007; Oury et al. 2010) . Differences in collagen also contribute to differences in tenderness among muscles. Torrescano et al. (2003) found that collagen content was positively correlated with WBSF of fresh meat, and this was consistent with our study. Some studies show that muscle fiber type composition has a close relationship with collagen content and further influences meat tenderness (Kovanen et al. 1984; Chriki et al. 2012b ). Kovanen et al. (1984) found that slow-twitch muscle contains more collagen than fast-twitch muscles. However, no clear relationship between collagen content and fiber type Note: *, P < 0.05; **, P < 0.01. 8.01 ± 0.30b 9.02 ± 0.34ab 9.53 ± 0.52a * C 21.52 ± 0.58 24.03 ± 0.77 22.20 ± 1.24 NS h 2 1 . 8 2 ± 0.50b 22.05 ± 0.53b 25.45 ± 0.44a *** Note: SEM, standard error of the fiber type traits by muscle. Different lowercased letters represent significant differences within the same row (P < 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, P > 0.05. composition has been reported in livestock species (Lefaucheur 2010) . Recently, Chriki et al. (2012a) found that the percentage of slow oxidative (SO) was negatively related to total collagen and insoluble collagen, and the percentage of fast oxido-glycolytic (FOG) and fast glycolytic (FG) were positively related to total collagen and insoluble collagen.
Relationship between myofiber characteristics and eating quality traits
Results show that the diameter of all three muscle fiber types is negatively correlated with pH, springiness, pressing loss, and a* values (P < 0.05) and positively correlated with hardness and h values (P < 0.05; Table 4 ). WBSF and h values are negatively correlated with the number % of type I fibers (P < 0.05). WBSF, hardness, and h values are negatively correlated with area % of type I fibers and positively correlated with the area % of type IIB fibers. The cohesiveness value is positively correlated with the area % of type I fibers and negatively correlated with the area % of type IIB fibers. Pressing loss is positively correlated with the area % of type I fibers, demonstrating that increasing the percentage of type I fibers is related to higher pressing loss, which is inconsistent with the study of Ryu and Kim (2005) .
Our study shows that an increased diameter of all three fiber types results in a decreased tenderness of beef, which is consistent with the study of Jurie et al. (2007) and Picard et al. (2006) . This is also supported by the fact that PM had both lower WBSF and lower fiber diameter compared with LT and ST. In contrast to this paper, Calkins et al. (1981) found that tenderness was negatively correlated with white muscle fiber size and positively correlated with red muscle fiber size.
Our results show that muscle with a high percentage of type I fibers and a low percentage of type IIB fibers was more tender. Consistent with this study, many other research groups (Strydom et al. 2000; Maltin et al. 2003; Hwang et al. 2010) have shown that beef tenderness is positively correlated with the percentage of type I and type IIA fibers but negatively correlated with the percentage of type IIB fibers. Contrary to this study, Chriki et al. (2013) found that the portion of FG muscle fibers is negatively correlated with WBSF, and Ryu and Kim (2005) found that the percentage of type I fibers is positively correlated with WBSF. This may be related to the difference in aging and proteolysis among different muscle fiber types. Some studies show that type I fibers have a lower calpain/calpastatin ratio compared with type IIB fibers and that troponin-T and desmin in type IIB fibers are susceptible to protein degradation (Ouali and Talmant 1990; Muroya et al. 2010) .
It is widely believed that type I and type IIA fibers contribute to the redness of beef, due to a higher myoglobin (Mb) content compared with type IIB fibers (Lefaucheur 2010) . However, this study demonstrated that the a* value showed no significant correlation with the percentage of the three fiber types, which is consistent with the study of Hwang et al. (2010) .
Conclusions
There were significant differences in muscle fiber characteristics, R values, and meat quality among LT, PM, and ST muscles of Chinese Simmental cattle. The differences of myofiber characteristics affected the R values and the eating quality of the beef, in particular WBSF. ST muscle, with high percentage of type IIB fibers and low percentage of type I fibers, has low metabolic rate and poor meat quality. However, PM muscle, with a high percentage of type I fibers and low percentage of type IIB fibers, has high metabolic rate and improved beef quality. 
